Cavity QED in a molecular ion trap 
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We propose an approach for studying quantum information and performing high resolution spec- 
troscopy of rotational states of trapped molecular ions using an on-chip superconducting microwave 
resonator. Molecular ions have several advantages over neutral molecules. Ions can be loaded into 
deep (leV) RF traps and are trapped independent of the electric dipole moment of their rotational 
transition. Their charge protects them from motional dephasing and prevents coUisional loss, al- 
lowing > 1 s coherence times when used as a quantum memory, with detection of single molecules 
possible in < 10 ms. An analysis of the detection efficiency and coherence properties of the molecules 
is presented. 

PACS numbers: 33.80.Ps, 03.67.Lx, 42.50.Dv, 85.25.Cp 



Studies of ultracold molecules present opportunities 
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late quantum information [3, la, III, and better understand 
low temperature chemistry [8j. Trapping, cooling, and 
manipulating molecules has thus been a long-standing 
goal. Progress has been difficult because excited elec- 
tronic states decay to a number of internal vibrational 
and rotational states, rendering laser cooling ineffective 
in most molecules. Despite this difficulty there has been 
some success recently with cold clouds of molecules cre- 
ated using a variety of methods jol. Iiol. \vi\ . 

A recent paper described ideas for employing an all- 
electrical interface between rotational states of neutral 
polar molecules and superconducting circuits 0. If suc- 
cessful, this proposal would represent a novel pathway for 
control of long-lived rotational degrees of freedom and a 
significant step forward in quantum information process- 
ing. To date, there have not been any experimental real- 
izations of this promising proposal, partially because of 
the difficulty in cooling and detecting neutral molecules 
sufficiently for trapping. 

Here, we present an alternative approach, employ- 
ing molecular ions rather than neutral molecules in- 
side a superconducting cavity integrated with an ion 
trap. Neutral polar molecules are usually trapped us- 
ing the DC Stark shift of the rotational states, allow- 
ing trap depths less than the rotational transition energy 
(~ 1 K ~ 20 GHz). Unfortunately, the rotational ground 
state cannot be trapped this way, so relaxation causes not 
only loss of information, but also loss of molecules. For 
molecular ions, one can use a planar surface electrode 
Paul trap [13, [l3| integrated into the microwave cavity. 
Planar traps typically have depths of ~ 1000 K, and are 
fabricated lithographically, allowing micron-scale traps 
to be realized. This trapping is independent of the rota- 
tional state and, with appropriate cooling, can hold the 
molecular ions indefinitely. In addition, we find molecu- 
lar ions can have much longer coherence times than neu- 



tral molecules at similar motional temperatures. 

In traps for both neutral and charged molecules, ther- 
mal motion causes the molecules to experience different 
electric fields inside the trap, leading to the dephasing 
of superpositions of rotational states. However, in the 
ion trap, the ion charge shields the rotational dipole, 
substantially reducing the effect of thermal dephasing. 
Due to these properties, molecular ions could present 
a practical route for realizing an all-electrical coupling 
to polar molecules, with current technology. Proposals 
with neutral molecules have suggested using clouds 
and self- assembled crystals as a quantum memory for 
solid-state qubits. Ion crystals containing many thou- 
sand molecular ions have been realized [15], whereas real- 
izing trapped crystals of neutral molecules has thus far 
been technologically prohibitive. A drawback is that due 
to the charge that protects them from each other, the 
coupling to a cavity is constrained by the ion density, 
limited by space charge to about rii = (lO/xm)"'^. 

We analyze three classes of experiments: rotational 
spectroscopy on a cloud of molecules in a cryogenic buffer 
gas, and two types of quantum information experiments 
in vacuum, using a single molecule as a qubit, or a crys- 
tal of molecular ions as a quantum memory. There is a 
paucity of spectroscopic data on molecular ions[l6l|. de- 
spite their importance in many areas of chemistry and 
astrophysics [l7|, and our proposed methods would pro- 
vide a new way to determine rotational constants of many 
species. A qubit can be made by coupling a single molec- 
ular ion to a cavity. Finally, a molecular quantum mem- 
ory would employ a large number of molecules to enhance 
the coupling strength to allow interactions fast on the 
scale of a solid state qubit lifetime 01 • For each of these 
experiments, we discuss the strength of the qubit-cavity 
coupling, sources and rates of decoherence, and the mea- 
surement rate. 

We consider polar molecular ions trapped by an RF 
Paul trap in a transmission line resonator. Fig. [TJ Trap- 
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FIG. 1: a) Schematic of molecular ions trapped inside an 
integrated microwave resonator and split-ground ion trap, 
b and c contours of constant electric field magnitude {\E\) 
in response to voltages on the two center electrodes. The 
two center electrodes are used both for trapping and for cou- 
pling molecules to the cavity. Electric field contours are col- 
ored from low (blue) to high (red) \E\. The trapping (E) 
mode, when driven at flnF, forms a dynamically stable mini- 
mum between the two electrodes. The coupling (S) mode, is 
coplanar-stripline with inductive shorts forming a half-wave 
(A/2) microwave cavity at the molecular rotation frequency 
(tjoi ~ 10 GHz). At the trap location, the 5 mode has a sad- 
dle point in \E\, with a large electric field for coupling to the 
molecules' rotational dipole. 



ping is achieved by applying a RF voltage symmetrically 
to the two center electrodes (even mode, E, see Fig.[T)D). 
At the same time, a microwave frequency voltage on the 
odd mode (S) of the center electrodes (Fig. [TJ;) couples 
to the rotational dipole. A high finesse microwave cav- 
ity is formed using inductive shorts as mirrors, which set 
the length A and resonance frequency u^- The cavity de- 
cay rate k and quality factor Q = uJj-/k are set by the 
inductance of the shorts. Other trap geometries could 
be used, but the one shown in Fig. [1] should be scal- 
able in width w from millimeters to microns and yield 
an efficient coupling. The rotational states have energies 
Ej — hBJ{J + l), where B is the molecular rotation con- 
stant, and J is the angular momentum quantum number, 
giving transition frequency woi = 2i3. For concreteness 
we take CaCl"'" as an example molecular ion, chosen for 
its convenient B = 2tt x 4.5 GHz and its large dipole 
moment /i 12debye[l8|, corresponding to a transition 
dipole moment p — /i/\/3 ~ 3eao, where gq is the Bohr 
radius. 

The strength of the cavity-molecule coupling is criti- 
cally important in all three classes of experiment. This 
strength is best characterized by the rate at which a pho- 
ton is coherently absorbed and emitted by a molecule 
inside the cavity, known as the vacuum Rabi rate, 
g. For a single molecule in a resonator with wave 
impedance Zq and width w, this is given by g = 



l3{p/ew){ZQ/2Rqf'^ujQi - 100Hz(l mm/w)[ii]. Here (3 
is the ratio of the electric field at the molecule's location 
to the maximum field in the resonator and Rq — fije^ 
is the resistance quantum. For a single molecule gj^ix ~ 
100 Hz— 100 kHz, which can be further enhanced by_\//V, 
where N is the number of molecules in the cavity [20j. 

In order to understand the scaling of coupling and de- 
coherence with trap parameters it is useful to review ion 
trap dynamics. An ion with charge Q\ and mass m\ is 
trapped at the node of an AC electric quadrupole field 
created by a voltage Vrf, applied at drive frequency r^RF- 
The trap is dynamically stable (in the absence of addi- 
tional DC fields) when the Mathieu q parameter 
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satisfies q < 0.5, where ro ~ 2w is the effective radius 
of the trap. This requirement links the drive voltage 
(and thus trap depth), and the drive frequency to the 
size of the trap, affecting the coherence as one scales to 
smaller traps. When this condition is satisfied, the par- 
ticles feel an effective harmonic potential [21], with sec- 
ular trap frequency wt = 2~^/^qflu,F, and potential en- 
ergy U — (r/7'o)^C^max oc , up to a maximum depth 
C^max = Jyt^Qi^Rp/S, where E is the RF electric field and 
r]t is the trap efficiency. JTypically jyt ~ 5 — 10% and 
ro ^ 2w for a planar trapd2]. 

Decoherence, especially dephasing, arises primarily 
from three sources: thermal motion within the trap, in- 
homogeneity due to space charge, and collisions. De- 
phasing of the rotational states arises when varying elec- 
tric fields in space or time lead to uncontrolled Stark 
shifts. Since ions move in the presence of a DC elec- 
tric field, their charge protects them from the DC Stark 
shift felt by neutral molecules. However, AC fields still 
give the rotational transitions a second order Stark shift 
hSujQi « Q.3p'^ \E\^ /hcuoi. The trapping potential en- 
ergy U is also proportional to \E\^; therefore, we define 
a dimensionless shielding factor, A = hScooi/U, which 
compares the trap induced Stark shift to the potential 
energy. We write this in terms of the trap parameters as 

q- \exaj ujqi 

Thus, the shielding depends on the ratio of the rota- 
tional dipole, p, to the motional dipole, exo, where xq = 
{h/2muity^'^ is the zero-point motion of the molecule 
in the trap; and to the ratio of the trap motional fre- 
quency to the rotational frequency. Thus weak (large 
xq), low frequency traps are most protective, Table [H 
For a single molecule (or non-interacting ensemble) at 
motional temperature Tm the molecule will accumulate 
random Stark shifts, dephasing the rotation at rate, 
TiFth = (3/2)fcB'7mA. Neutral molecules in a DC Stark 
trap, have no shielding, hence at a the same Tm dephas- 
ing in ions is reduced by A ~ 10~^ — 10~^ depending 
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on the trapping parameters. Dephasing can be reduced 
further by coohng the motion below the temperature of 
the cryostat, ideally to the ground state, using sympa- 
thetic cooling or other methods. The cooling rate must 
exceed the motional heating rate, which has been demon- 
strated to be as small as ~ 1 — 100 quanta/s in a cryogenic 
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environment 

The spectroscopy experiment uses an ensemble where 
even at T = 0, space charge prevents all of the ions 
from sitting at the field null, exposing some ions to 
spatial inhomogeneity of the trapping fields. A sim- 
ple model of a cylindrical cloud with density determined 
by force balance between space charge and the trapping 
force, yields a maximum Stark shift (dephasing rate) of 
hTsc — 'iAUmaxN/ni'Kw'^X, where ni ^ (10 ^m)^-^ is the 
average density of the cloud (Table |T|. If the tempera- 
ture is reduced below ~ 1 K the cloud can crystallize. In 
this regime, the positions of the ions are fixed, with each 
position experiencing a different time-independent Stark 
shift. Since the shifts are coherent, the ensemble can be 
refocused using spin echo techniques. In contrast to the 
spectroscopy experiment, when a single molecule (qubit) 
or a linear chain (memory) is trapped the dephasing due 
to space charge is eliminated. 

Molecules can decay or dephase through collisions with 
other molecules or with buffer gas. Collisions with ''^He 
or ■^He buffer gas thermalize the motional and rotational 
state of the molecules and can be used to help load the 
trap with rotationally cold molecules [ll|. Spectroscopy 
experiments can be done in the presence of the buffer gas, 
but the qubit and memory experiments would require re- 
moving the buffer gas, and using additional cooling by an 
alternate method[6|]. Even in the absence of buffer gas, 
molecules can collide with one another, causing decay or 
dephasing, depending on the duration and distance of 
closest approach of the collision. Assuming worst case 
head-on collisions between ions with no screening, we es- 
timate that below 10 K, ion-ion collisions induce negligi- 
ble relaxation (in contrast to neutral- neutral collisions), 
and only small phase shifts. Table HI At temperatures 
below ~ IK the Coulomb repulsion causes the ensemble 
to crystalize, stopping collisions entirely. Compared with 
ensembles of neutral molecules, ionic ensembles, are thus 
very robust against decoherence due to collisions. 

Using the coupling strength and decoherence rates we 
calculate the number of coherent interactions and detec- 
tion rate of the system. To facilitate this discussion we 
define the cooperativity C = 2Ng^ / KT2, a dimension- 
less figure of merit where r2 = ri/2 -I- F^. Here Fi is 
the sum of the appropriate radiative and non radiative 
decay rates and F^ refers to the total dephasing rate. 
Table ID The number of cavity-mediated qubit or mem- 
ory operations (23l | that can be performed is given by 
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A'ops — \lC. Using the Maxwell-Bloch equations for an 
ensemble of uncoupled two-level systems interacting with 
a cavity 2j|, the detection rate, F^ in the limits of C ^ 1 



The signal is proportional to the effective number of 
participating molecules, which in thermal equilibrium is 
given by Mq — iVtanh (Swoi/Zcsr), where T is the ro- 
tational temperature of the ensemble. When the ensem- 
ble is optically thin (C ^ 1), the measurement rate is 
proportional to Mq, whereas when it is optically thick 
(C » 1), such as in the memory, the detection is pro- 
portional to Mq. In all cases the signal is limited by 
the radiative decay rate g^jn (Table U) and the partial 
width of the transition, ri/2F2. Non-radiative decay 
(such as from buffer gas) does not reduce the detection 
rate but does increase the required measurement power. 
Finally, the microwave detector has a finite noise tem- 
perature Tjv; for a good cryogenic amplifier Tjq ~ 5 
K, corresponding to an effective noise photon number 
JT-amp = k})T]^ / (fiLOQi ^ 20. The spectroscopy provides 
a sufficient detection rate to perform spectroscopy over 
a wide frequency range and both the qubit and memory 
can be read-out in much less than one lifetime. 

The specific parameters for each class of experiment 
are given in Table HI In general smaller trap widths are 
favorable for stronger coupling but are more technically 
challenging. Parameters for the spectroscopy experiment 
were chosen to be realizable with current technology (i.e. 
with buffer gas, large ion traps, modest Q cavities, and 
many molecules). To make an effective qubit or mem- 
ory, the ion trap must be scaled down significantly, and 
the molecule must be cooled to near its motional ground 
state, which is achievable with sympathetic [2^ or cavity 
assisted sideband cooling These experiments would be 
done in a dilution refrigerator (T ^ 20 niK) so that there 
are no thermal photons, and would require the smallest 
feasible trap. The size of the memory is limited by the 
number of ions that can fit in the resonator along a linear 
chain. If currently feasible superconducting cavity qual- 
ity factors [2^ can be maintained with an ion trap[l3j. 
reaching the strong coupling regime appears achievable. 

Equipped with the measurement and decoherence rates 
we can evaluate the feasibility of the three experimental 
scenarios. The spectroscopy scenario is quite promising 
and appears to be a good first step towards investigat- 
ing rotational states of polar molecules. Ensembles and 
even individual molecules can have sub-MHz linewidths 
and can be read-out at kHz rates. Table HI The spec- 
troscopy could be further improved by lowering the ro- 
tational temperature of the molecules, and using higher 
finesse cavities. The spectroscopy experiment, not in- 
tended for coherent operations, only manages 0.1 gates, 
but a single molecule qubit could perform 75 gates, and 
the enhanced rate of the memory would allow 6500 coher- 
ent operations. Nearly all of the dephasing mechanisms 
of neutral molecules are eliminated by using molecular 
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Parameter 



Spectroscopy Qubit Memory 



Trap Widtli, w j fivn 


1000 


10 


10 


Trap Depth, f/max/e / mV 


100 


100 


100 


Drive Frequency, flnF / MHz 


2 


100 


100 


Number of molecules, A'^ 


50,000 


1 


1,500 


Motional Temp., Tm / mK 


1500 


1 


1 


Rotational Temp., Tr / mK 


1500 


50 


50 


Cavity Quality Factor, Q 


10^ 


10*^ 


10^ 


Coupling and detection 


^ = pEo/h 1 kHz 


0.07 


7 


7 


1 kHz 


20 


7 


180 




0.1 


75 


6500 


Measurement Rate, Fm / Hz 


10^ 


10^ 


lO*' 


Relaxation 


Tx line, Ftx = iV||g^ / Hz 
Cavity, F. = iV^7 Hz 


10'^ 


10~^ 


10 


30 


400 


10^" 


Buffer gas, Fbg / Hz 


10^ 









Dephasing 



Shielding factor, A 

Thermal trap, Fth / Hz 

Space-charge, Fsc / Hz 

CoUisional, Fc / Hz 

Total, F,/, / Hz 

"In the strong coupling lii 
is k/2. 



TABLE I: Parameters, coupling strengths, measurement 
rates, and decoherence rates for three experimental scenar- 
ios. The ion trap is characterized by the its width, depth, 
and drive frequency. Rotational and motional temperatures 
are assumed to be in equilibrium. Lower temperatures reduce 
dephasing and improve cavity Q, and may require develop- 
ment of new cooling techniques for the lowest temperatures. 
All relaxation rates are for the first photon emitted by the 
molecules through the specified channel. 



ions. Dephasing due to space charge only affects the spec- 
troscopy experiment, while motional heating is strongly 
reduced by the cryogenic environment 2^- Decoherence 
and/or rotational temperature could be suppressed fur- 
ther by sympathetic cooling [2^ [S^] into the ground state 
of motion in the trap and/or by encoding the qubit state 
into spin degrees of freedom which are nearly unaffected 
by electric fields @. The memory coupling strength is 
comparable to solid-state qubit lifetimes, which would al- 
low a demonstration of a hybrid quantum memory. This 
represents a promising approach for manipulating the ro- 
tational states of molecules, and could be interesting for 
quantum computing. 

These estimates also show that one could realize an all- 



electrical interface to molecular ions. Using ions rather 
than neutral molecules allows easy trapping using known 
technology and with thermal dephasing reduced by or- 
ders of magnitude. Because molecules have both rota- 
tional and electronic transitions it may be possible to 
use this system as a single photon microwave-to-optical 
upconverter or downconverter. Further issues to investi- 
gate include the effects of micromotion, as well as cavity- 
assisted sideband cooling. 
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